Abstract: We determined the NMR structure of a highly aromatic (13%) protein of unknown function, Aq1974 from Aquifex aeolicus (PDB ID: 5SYQ). The unusual sequence of this protein has a tryptophan content five times the normal (six tryptophan residues of 114 or 5.2% while the average tryptophan content is 1.0%) with the tryptophans occurring in a WXW motif. It has no detectable sequence homology with known protein structures. Although its NMR spectrum suggested that the protein was rich in b-sheet, upon resonance assignment and solution structure determination, the protein was found to be primarily a-helical with a small two-stranded b-sheet with a novel fold that we have termed an Aromatic Claw. As this fold was previously unknown and the sequence unique, we submitted the sequence to CASP10 as a target for blind structural prediction. At the end of the competition, the sequence was classified a hard template based model; the structural relationship between the template and the experimental structure was small and the predictions all failed to predict the structure. CSRosetta was found to predict the secondary structure and its packing; however, it was found that there was little correlation between CSRosetta score and the RMSD between the CSRosetta structure and the NMR determined one. This work demonstrates that even in relatively small proteins, we do not yet have the capacity to accurately predict the fold for all primary sequences. The experimental discovery of new folds helps guide the improvement of structural prediction methods.
Introduction
In the last 55 years over 40,000 high-resolution (less than 2Å ) protein structures have been determined (www.rcsb.org), providing the field with considerable knowledge of how proteins fold and function. This knowledge has allowed the development of relationships between sequence and structure, and structure and function. In particular, databases of this knowledge allow us to predict structure and function of unknown proteins based on their sequences. With the extensive knowledge of the folding possibilities of relatively small proteins, those under 150 residues, it is generally perceived that our understanding of the possibilities to be close to complete. 1 Finding new folds is becoming rare; in the last five years, SCOPe 2 has identified only 13 new folds in the protein databank, while in the previous 5 1 =2 year period 395 new folds were identified. The 114 amino-acid protein Aq1974 (NP_214353.1) from a thermophilic bacterium, Aquifex aeolicus, a target of the phase I protein structure initiative (PSI-I), has a highly unusual sequence with no detectable homology to any protein of known structure or function [ Fig. 1(A) ]. It is the most 5' gene of a three-gene operon that includes panB, a 3-methyl-2-oxobutanoate hydroxymethyl transferase involved in the CoA biosynthetic pathway and tapB, a type IV pilus assembly protein. 3 Aq1974 has homology to an uncharacterized protein (HG1285_16046) in Hydrogenivirga sp. 128-5-R1-1 [ Fig. 1(A) ]. The presence of homologs in these relatively small bacterial genomes suggests that its presence is evolutionarily advantageous and the proteins serve some yet-to-be-identified but important function. We were intrigued by its unusual amino acid sequence. It has a high aromatic content: 11 amino acids of 114 are aromatic, i.e. 9.6% aromatic residues where the average is 7.6%. 4 Of these 11 aromatic amino acids 6 are tryptophans (5.2% versus an average of 1.0%) 4 arranged in an unusual WXW motif that occurs three times in the sequence. The WXW motif has been identified in a predicted protein from Acinetobacter radioresistens SH164 where the motif occurs 11 times in the 502-residue sequence, but no additional homology with Aq1974 is present. 5 The unusually high tryptophan content in the small Aq1974 protein leads to the question of how the protein can pack these residues and form a stable structure. This paper presents the solution-state NMR structure of Aq1974 as well as the results of the CASP10 blind structural predictions. We found that the protein is highly thermostable and exists in a novel fold, which we call the aromatic claw. Surprisingly, the structure places the 11 aromatic residues within the 76-residue structured segment of the protein. The unusual sequence and fold presented a formidable challenge in the CASP10 structure prediction contest.
Results and Discussion
Aq1974 was expressed in BL21(DE3) cells and purified using standard techniques. 6 N HSQC spectrum shows a broad dispersion of peaks suggesting a predominantly b-sheet structure [ Fig. 1(B) ]. Gel filtration chromatography determined that Aq1974 was predominately monomeric under the conditions in the NMR sample. Circular dichroism (CD) of the sample exhibited little change from the temperature from 208C to 958C or in the presence and absence of 6.3 M guanidinium hydrochloride at 258C, indicating its extreme stability [ Fig. 1(C) ].
[U-13 C, 15 N]-samples were prepared and a standard set of heteronuclear spectra were recorded, from which we were able to assign 91% of the relevant spins of Aq1974; i.e., backbone H, N, C', C a , protonated sidechain carbons, and nonexchangable sidechain protons. Assignments of backbone HN and Trp HNe are shown on the HSQC in Figure 1(B) . Surprisingly, the secondary shifts from the random coil values of the C' [ Fig. 1(A) ] and C a (Supporting Information Fig. S1 ) indicated that the protein contained more a-helical segments than b-strands. H N deviations (Supporting Information Fig. S1 ) did not show a clear pattern consistent with the C' and C a secondary shifts, presumably because of large ring current effects caused by the many aromatic residues within this protein. 15 N relaxation data (Supporting Information Fig. S2 ) suggest that residues 32-35 are highly mobile, as expected from the sequence EKEE, indicating that construct development had not completely removed the disordered Nterminal tail. The rotational correlation time of the rigid portion of the protein was found to be 5.0 6 0.4 ns at 358C, which gives a molecular mass of 8.5 6 1.1 kDa consistent with Aq1974 being a monomer, further confirming the previously described gel filtration results. Distance constraints were derived from 15 N and 13 C edited NOESY spectra with considerable emphasis placed on acquiring and assigning a large number of cross peaks involving aromatic sidechain resonances. The contact map of the assigned NOEs is shown in Supporting Information Figure S3 . Backbone dihedral angle constraints were determined from backbone chemical shifts using TALOS1 (http://spin.niddk.nih.gov/bax/software/TALOS/), 7 and hydrogen bond constraints from long-range HNCO experiments that correlate donor HN to the acceptor CO through the weak J coupling of the hydrogen bond. 8, 9 This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure's caption. The NMR data resulted in the determination of a converged, well-defined structure [ Fig. 2(A) ], PDB ID: 5SYQ. Structural statistics are shown in Table I . The ordered core of the protein was determined by examining the backbone dihedral angle order parameters. 10 From this measure, the first nine residues of the construct (residues 29-37) as well as residues 93-94 were disordered. The average backbone RMSD of protein core, residues 38-92 and 95-112, is 0.8Å . As predicted from the chemical shift profiles, there are three alpha helices and two b-strands [ Fig. 2(B) ]. From the N-terminus, the polypeptide forms helices a 1 and a 2 that pack against each other with a interhelical angle of 708, then a small, two-stranded sheet with a long inserted loop (residues 90-97), and terminates with a helix (a 3 ) that packs onto a 1 . The a 2 and a 3 helices are aligned parallel to each other. Helices a 2 and a 3 are roughly in a plane defining the "sides" of the protein in the view presented in Figure  2 The disordered loop (residues 90-97) appears to fold over the bottom of the pseudo b-sheet, although this segment is not well defined primarily due to missing resonance assignments. Interestingly, both tryptophans of the WVW motif at residues 78-80, which is in the pseudo b-sheet, are placed outside the hydrophobic core and protected by the disordered loop (residues 90-97).
In the Aq1974 structure [ Fig. 2 (B)], the secondary structure elements appear separated from one another, giving an impression of underpacked core. We wondered whether this is a false impression due to the unusually high number of bulky aromatic side chains in the ordered core. The volume area dihedral angle reporter (VADAR) 11 was used to calculate the fractional excluded volume (fEV) and the fractional solvent accessible surface area (fASA) of the residues of the ordered core (residues 36-114) of Aq1974. The fEV measures the volume available to a residue in the protein scaled by the volume enclosed by its van der Waals surface. If the fEV equals one, then the volume in the protein for that residue equals its van der Waals volume. Values of fEV less than 1 indicate that the residue is compressed while values greater than 1 indicate underpacking. The fEV of a residue in a well-folded protein has been found to range between 0.8 and 1.2.
11 Supporting Information Figure S4 shows the fractional excluded volume 12 as a function of the residue number. These results are typical of well packed proteins. VADAR was also used to calculate fASA (Supporting Information Fig. S4 ). Aq1974 was found to have 7 residues "completely buried," with an fASA of less than 5%: F49, A52, T67, L72, V79, V81, and I105. We have examined those residues with an fASA of less than 20% in an attempt to find the hydrophobic core of Aq1974. Twenty residues including the "completely buried" residues met this criterion. In addition, from the volume of the ordered core (residues 37-92 and 95-112, volume 10,640 6 40Å 3 ) and its mass (9,046 g/mol), the specific volume of the core is found to be 0.71 mL/g, which is in the expected range of 0.70-0.74 mL/g. 13 These analyses indicate that Aq1974 has a welldefined hydrophobic core with a typical packing density; however, the apparent space between the secondary structure elements in Figure 2 (B) is due to the presence of five bulky aromatic residues, which account for 35% of the hydrophobic core's volume.
The large number of aromatic residues in Aq1974 necessitates frequent aromatic-aromatic interactions. As has been seen in crystal structures of simple aromatic molecules such as benzene 14 and in many proteins, 15 aromatic sidechains interact predominantly via an edge face contact where the slightly positively charged hydrogen of one aromatic sidechain approaches the slightly negatively charged carbon of another. Such edge-to-face contacts between aromatic residues have been estimated to provide approximately 21 kcal/(mole pair) of stabilization. Burley has also seen that such interactions tend to hold tertiary structure elements together in proteins 15 and
Kannan and Vishveshwara have found that aromatic clusters are more prevalent in thermophillic proteins. 16 Aromatic interactions were identified as those residues whose aromatic center-of-mass (COM, the center-of-mass of the six-membered ring of the aromatic sidechain) were within 8 Å 17 of each other in all members of the structural ensemble. By this definition, 5 of the 11 aromatic residues are involved in such interactions (Supporting Information Fig. S6 ).
The interacting aromatic residues form a cluster in the hydrophobic core of the protein. F49, W63, and W100 form a "symmetric trimer" of mutually interacting aromatic sidechains. F70 then forms a second "symmetric trimer" by interacting with F49 and W63. The pentamer is completed by the interaction of Y60 with F70 [ Fig. 2(D) , Supporting Information Tables S1 and S2 ]. In greater than 70% of the structures of the ensemble, F104 is within 8Å of W100, indicating a possible sixth member of the aromatic cluster in the hydrophobic core (Supporting Information Fig. S6 ) and W78 and W80 form a dimer placed below the hydrophobic core and pseudo b-sheet. The aromatic-aromatic interactions are edge to face as indicated by the fact that the angle between the aromatic planes is always significantly greater than zero varying between 128 and 76˚for the aromatic pairs in Aq1974 (Supporting Information Tables S1  and S2 ). The aromatic cluster links helices a 1 and a 2 with the pseudo b-sheet [ Fig. 2(D) ]. If the interaction between F104 and W100 is real, a 3 is also linked to the aromatic cluster. The aromatic interactions seem to be key to the stability of this protein.
One of the unusual properties of the sequence of this protein was the presence the WXW motif repeated three times. One might suspect that such a rare sequence motif would imply a structural motif. Figure  2 (E) shows the three occurrences of this motif. W61-Q62-W63 is in an a-helix. W78-V79-W80 is an extended sequence with the tryptophan indole rings interacting with each other on the same side of the strand. W100-S101-W102 is at the juncture of an extended sequence and an a-helix. It is clear that the WXW motif gives rise to no preferred structural motif.
Despite the high aromatic content in such a small protein, the protein is not found to have large patches of hydrophobic surface [ Fig. 2(F) ]. VADAR in polar and charged ASA, which could account for 20˚C of thermal stabilization. The completed structure was submitted to the DALI server (//ekhidna.biocenter.helsinki.fi/dali_-server/) in order to find structural homologues. 20 No structural homologues were found in the protein data bank indicating that this protein not only has a novel sequence but also a novel fold. We are calling this fold the aromatic claw. Because the fold of Aq1974 is novel, the function of Aq1974 and its homolog cannot be proposed based on structural homology. Analysis of the structure with both CASTp 21 and DEPTH 22 predict the presence of a positively charged binding groove and a negatively charged binding pocket, Figure 2 (F). The positively charged groove is on the face of protein defined by the a 2 and a 3 helices and runs roughly from the juncture of the a 1 and a 2 helices to the Nterminal end of the a 3 helix. This groove is also bound by the disordered loop that connects the pseudo sheet to a 3 , which could act as a pincer in the aromatic claw upon ligand binging. Rotating the protein by about 90˚, the negatively charged binding region is seen, Figure 2 (F,G). This region has a cavity that is between the N-terminal end of a 1 helix and the pseudo sheet and is lined with the residues R39, E40, L41, E45, L46, L48, F49, L72, L73, T74, G76, V79, W102, and I105, with the slight negative charge in the cavity provided by the carbonyl oxygens of L72 and T74. From the determined structural ensemble, access to the pocket is determined by the conformation of the disordered N-terminal tail. Whatever the function of the aromatic claw proteins, the positively charged groove and negative binding pocket are expected to contribute to its activity. Aq1974 sequence was submitted to the CASP10 experiment as target ID T0668. The CASP experiments test computational protein structure prediction methods by requiring blind predictions of tertiary structures from amino acid sequences.
1 138 different methods attempted prediction of Aq1974 in the CASP10 experiment. The majority of these predictions were categorized as template based modeling (TBM), where the target sequence is found to have some degree of homology to another sequence of known structure (i.e., the template). Sequences where a reliable template structure is hard to detect, as in Aq1974, are classified as "hard TBM" targets. The best template found for Aq1974 in the CASP10 experiment was protein of unknown function XF2673 from Xylella fastidiosa, pdb id 2k5r. The structure of this protein is found to align well to Aq1974 in regions around residues 38-53 and 70-83 [ Fig. 3(A) ]. This template predicts the helix a 1 and its alignment with the sheet. As we have already found that the aromatic claw is a unique fold, it is not surprising that template-based methods would find at most portions of the true structure. Supporting Information Figure  S7 shows the top 20 models from all submissions closest to the experimental structure ranked according to GDT_TS scores, a more accurate metric of protein structural similarity used in CASP as opposed to RMSD. The best model had a GDT_TS score 44/100, which corresponded to a Ca RMSD of 9.7 Å . Among the top 20 models, the best Ca RMSD is 6.9 Å , which indicates that none of the prediction groups were able to predict the native tertiary structure to a high accuracy. This becomes more apparent by examining the residue level accuracy of the top 20 models (Supporting Information Fig. S7 ). In all the models, the CA-CA distance from the experimental structure is less than 4 Å only in certain regions of the sequence. Unsurprisingly, the local regions where the models were accurate are consistent with regions where the identified templates matched the experimental structure. Furthermore, the pattern of the local accuracy across the 20 top models being almost identical indicates that they were all built using homology modeling from the similar templates. The difficulty in predicting the structure of Aq1974 can be seen by examining the best predictions from the CASP10 experiment. Figure 3(B) shows the structure of the aromatic claw as well as the top 4 predicted structures from the CASP10; kaesar (T0668TS315_1-D1), strings (T0668TS121_1-D1), ariadne (T0668TS281_1-D1), and mufold (T0668TS197_1-D1) models. The kaesar model was considered the best as it had the highest GDT_TS score. It correctly predicts the presence of the helices as well as part of the sheet. It errs in the topology by inverting the a 3 helix and incorporating the last strand of the pseudo b-sheet into this helix. The other three models, strings, ariadne, and mufold, correctly predict both the secondary structure elements and their topology. All the models predict helices that are longer than observed, especially for a 3 , which always impinges upon the last strand of the pseudo b-sheet. In addition, these predicted structures add an additional helix before a 3 .
While placing the secondary structure elements proved challenging for these structural predictions, so also did determining the hydrophobic core. We defined the hydrophobic core as those residues whose fASA was less than 20% and found that 18 residues fit this criterion in Aq1974 of which five were aromatic. The best CASP10 models consistently tried to bury more residues than observed in the core (Supporting Information Fig. S5 ). The Keasar Figure 3 . A: Comparison of the aromatic claw with the best template found by homology in the CASP10 experiment. The a 1 , a 2 , and a 3 helices of the aromatic claw are colored red, yellow, and blue, respectively, while the pseudo-sheet is cyan. In the template, 2k5r, the homologous structural regions are colored as in the aromatic claw. In the overlay, Aq1974 (the aromatic claw) is red while the template is blue. B: Comparison of the aromatic claw structure with the top 4 models from the CASP10 experiment. The secondary structure elements are colored as in A. C: Comparison of the aromatic packing in the aromatic claw with that predicted by the 4 best models for the CASP10 experiment. D: Overlay of aromatic claw with best CSRosetta model. E: RMSD between 10 best CSRosetta models and the experimentally determined structure ensemble as a function of the CS Rosetta Score. Points are the average RMSD between the NMR determined structural ensemble and the CS Rosetta structure with the give score. Error bars are 95% confidence intervals. Where error bars are not visible, the 95% confidence interval is less than the size of the symbol. model buried 25 residues, Strings and Ariadne 26, and Mufold 27. The Keasar model had the highest number of buried aromatic residues with 8. The other three models buried five aromatic residues and agreed with the experimentally determined structure that F49, W63, and F70 were in the core; however, they also proposed that Y60 and Y84 were also buried. The Aq1974 structure suggests that these Tyr residues are exposed by more than 40% and thus not a part of the core. These observations suggest that the model potentials describing the partition of aromatics between the core and solvent exposed still need to be refined.
While these results clearly show that Aq1974 was a very difficult target for de novo structural prediction, they raise the question if adding chemical shift data is sufficient for predicting an accurate model. For this reason, CS-Rosetta predicted structures were also compared to our structure. The ten best of 40,000 CS-Rosetta structures were then analyzed. As the same chemical shifts were used for determining our NMR structure and the CS-Rosetta prediction, the remaining challenge for CS-Rosetta is to pack these structural elements without the help of NOE constraints. As can be seen in Figure  3(D) , the best CS-Rosetta model closely resembles our structure (core backbone rmsd 5 2.23 6 0.19 Å ), unfortunately, after 40,000 structure calculations, CS-Rosetta did not converge upon a single structure. Figure 3 (E) shows that the backbone RMSD does not vary smoothly with the CS-Rosetta score, but seems to be in three structural families: those who differ from NMR structure by 2.7Å (Family A), 3.8 Å (Family B), and 7.3Å (Family C). Families A and B structures have essentially the correct fold (Supporting Information Fig. S10 ), where the relative placement of the a 1 , a 2 , and a 3 helices are approximately correct. The two members of the Family C structures misorient the C-terminal a 3 helix in two different ways. These results demonstrate that chemical shift can constrain the prediction enough to produce a fairly accurate fold; however, convergence is difficult.
The structured region of Aq1974 adopts the novel fold that we are calling the aromatic claw. While the gene encodes a protein with 114 residues, we found that a large portion of the polypeptide is disordered. The folded segment contains 78 amino acid residues of which 14% are aromatic (F,Y, and W) and 7.7% are tryptophans, almost double the typical aromatic content and eight times the normal tryptophan content of a folded protein. The homologous protein (HG1285_16046) from Hydrogenivirga sp. 128-5-R1-1 conserves all these aromatic residues except for the substitution of W78 to Y. There is an additional phenylalanine in HG1285_16046 substituting for L112. Based on the structure of Aq1974, these aromatic substitutions would not disrupt the hydrophobic core of the homolog. W78 is beneath the small b-sheet and is fairly solvent accessible (fractional ASA 36%) allowing substitution to tyrosine in the Hydrogenivira protein. The additional phenylalanine in the homolog occurs only 1 residue from the C-terminus, near the end of the a 3 helix. Thus, we expect protein HG1285_16046 from Hydrogenivirga sp. 128-5-R1-1 to have similar fold and function as Aq1974.
Despite our advances in understanding the relationship between protein primary sequence and 3-dimensional structure, Aq1974 proved quite challenging for structural prediction, as the results from the CASP10 experiment have shown. As the best predicted structures were from template-based models, this suggests that our knowledge of all possible folds of even small proteins is not complete. Interestingly though, if constraints are placed on the secondary structure elements by using the chemical shifts in CS Rosetta, a fairly accurate structure could be predicted. The best CASP10 models typically overpredicted the presence of a-helices making them much longer than seen in the NMR structure. They also packed too many residues into the hydrophobic core.
After 55 years of protein structure determination and 15 years of the Protein Structure Initiative, it is still possible to find novel structures of small proteins. Such novel structures can be found by targeting novel sequences that show little homology to proteins of known structure and function. Fortunately, because of their smaller size, structural determination can proceed relatively rapidly by either crystallography or NMR spectroscopy. Such structures advance our knowledge of the folding space of proteins and the relative importance of various inter-residue interactions, which in turn should lead to increased understanding of protein stability and an improved ability to predict and engineer protein structures.
Materials and Methods

Expression and purification of Aq1974
Uniformly 13 C/ 15 N-enriched Aq1974 construct containing residues 31-114 was prepared by culturing E. coli BL21(DE3) CodonPlus cells harboring pHFT1-Aq1974 in M9 media. Protein expression was induced with 0.5 mM IPTG, and subsequently purified as previously described. 6 Following TEV cleavage, the protein was exhaustively dialyzed in 20 mM sodium phosphate, pH 7.4 with 150 mM sodium chloride. For NMR sample preparation, Aq1974 was concentrated to a final concentration of 332 lM and supplemented with 0.05% (w/v) sodium azide and 7% (v/v) 2 H 2 0.
Circular dichroism
CD wavelength spectra were collected on 10 lM Aq1974 in 20 mM sodium phosphate, pH 7.4 with 150 mM sodium chloride buffer in a 1 mm cuvette on an AVIV 202 Spectrometer as previously described. 25 A concentrated guanidine hydrochloride (Gdn HCl) stock was prepared in 20 mM sodium phosphate, pH 7.4 with 150 mM sodium chloride buffer, the guanidine concentration was determined by refractometry, 26 and appropriate dilutions were prepared. Protein samples containing Gdn HCl were incubated for one hour at room temperature prior to measuring the CD spectra. Elevated temperature scans were incubated at the elevated temperature for 15 minutes prior to measuring the CD spectra.
NMR spectroscopy
NMR spectra were acquired on either a Varian INOVA 600 MHz NMR spectrometer equipped with a cryogenically cooled probe or Bruker AVANCE IIIHD 600 MHz NMR spectrometer equipped with a room temperature TXI probe. All spectra were acquired at a sample temperature of 35˚C. Assignments of U-[ 13 C, 15 N]-Aq1974 were obtained by analysis of standard triple resonance NMR spectra. This combination of spectra allowed for assignment of 93.7% of the chemical shifts.
Structure determination
The structure of Aq1974 was initially determined using NOE constraints derived from 15 N and aliphatic and aromatic 13 C edited NOESY spectrum.
One hundred and thirty backbone chemical shift torsion angle constraints were determined using the TALOS1 server (http://spin.niddk.nih.gov/bax/software/TALOS/) 7 , while long range HNCO experiments 8,9 determined 24 hydrogen bond constraints.
Unassigned NOE peaks lists as well as the backbone torsion angle and hydrogen bond constraints were fed into Cyana 2.1, 27 which successfully assigned 966 NOEs. Of these NOEs, there were 260 sequential (i2j 5 1), 208 short range (2 i2j 5), and 204 long range (i2j > 5) NOEs determined. The resulting structure was further refined using two protocols, restrained-CSRosetta 28 and -CNSw. 29 Of these, the constrained CSRosetta refinement provided the best structural scores. The structural statistics are shown in Table I . As we have discussed in previous papers, 28, 29 restrained energy refinement, particularly restrained-Rosetta refinement, may modestly increase some restraint violations in order to obtain more energetically-favorable structures. This is not surprising since there are intrinsic errors in the interpretation of NOE peak intensities as upper bound distance restraints. The Protein Structure Validation Suite (PSVS) found that residues 38-92 and 95-112 were ordered in Aq1974. Ignoring the intraresidue NOEs, we determined the structure from 11 constraints/ordered residue. CSRosetta calculations were run on the BMRB website (csrosetta.bmrb.wisc.edu). Forty thousand structures were calculated and the best 10 analyzed. 30, 31 
